Abstract: Engineered antibodies are key players in therapy, diagnostics and research. In addition to full size immunoglobulin gamma (IgG) molecules, smaller formats of recombinant antibodies, such as single-chain variable fragments (scFv) and antigen binding fragments (Fab), have emerged as promising alternatives since they possess different advantageous properties. Cell-based production technologies of antibodies and antibody fragments are well-established, allowing researchers to design and manufacture highly specific molecular recognition tools. However, as these technologies are accompanied by the drawbacks of being rather time-consuming and cost-intensive, efficient and powerful cell-free protein synthesis systems have been developed over the last decade as alternatives. So far, prokaryotic cell-free systems have been the focus of interest. Recently, eukaryotic in vitro translation systems have enriched the antibody production pipeline, as these systems are able to mimic the natural pathway of antibody synthesis in eukaryotic cells. This review aims to overview and summarize the advances made in the production of antibodies and antibody fragments in cell-free systems.
Introduction
Antibodies are important tools in therapy, diagnostics and research applications. Nowadays, they are the key detection elements for biological targets. In this context, it is estimated that engineered antibodies represent nearly 30% of all biopharmaceutical agents in clinical trials [1] . The growing clinical importance of therapeutic and diagnostic antibodies has led to a tremendous increase in approaches and developed technologies to provide binders with high specificity for biologically relevant targets [2] .
The generation of antibodies by hybridoma technology, as well as the synthesis of antibodies and antibody fragments in prokaryotic and mammalian cells are well-established. However, a cell-based production of target proteins is known to be rather time-consuming and cost-intensive, thus resulting in the development of efficient and powerful cell-free protein synthesis systems. Over the last decade, cellfree systems have proven themselves as reliable, flexible and potent protein production platform, providing proteins of varying origins, classes and properties [3] [4] [5] [6] [7] . In particular, cell-free systems have been successfully used for the synthesis of antibodies and antibody fragments [8] [9] [10] . Since this class of molecules is highly in demand, this review aims to overview and summarize the advances made in the production of antibodies and antibody fragments in cell-free systems.
Conventional Antibody Production Technologies
The invention of the hybridoma technology in 1975 was a major breakthrough in the field of antibody production. Mouse hybridomas represented the first reliable source of monoclonal antibodies [11] . Due to their murine origin, these molecules were not suitable for therapeutic applications since they caused the generation of human anti-mouse antibodies (HAMA response) leading to severe immune reactions in humans [12] . The implementation of genetic engineering techniques helped to overcome these issues by the generation of chimeric and humanized antibodies [1] . These procedures aimed to reduce the murine content of the antibody in order to decrease immunogenicity.
Besides the classical IgG antibody, recombinant antibody fragments are in the focus of research and development projects, as they are considered to be produced more economically. In addition, smaller antibody formats can easily be modified and manipulated by using genetic engineering techniques [13] . scFv antibody fragments are one of the most popular formats of recombinant antibody fragments. Although they are rather small representatives of recombinant antibody formats (26-28 kDa), they provide the full binding specificity as the antigen binding surface is not altered [14, 15] . In comparison to full length antibodies they are less complex, consisting of only the variable domain of the heavy antibody chain (VH) and the variable domain of the light antibody chain (VL) linked by a flexible polypeptide linker.
Currently, the phage display technology is the most commonly used technique for the in vitro selection and evolution of antibody fragments, initially published by Smith in 1985 and further developed by other research groups [16] [17] [18] [19] [20] . The basis of this technique is a DNA library which can be generated by polymerase chain reaction (PCR) from human B-lymphocytes, comprising a vast number (up to 10 10 ) of heavy and light chain variable regions that are genetically fused to the phage gene pIII, which is coding for the phage minor coat protein. Antibody fragments are produced as pIII fusion proteins and displayed on the surface of the bacteriophage [16] . Therefore, the synthesized protein (phenotype) is directly linked to its encoding DNA (genotype) encapsulated inside the phage's capsid. Phages carrying the antibody fragments on their surface are produced in microbial cells, such as Escherichia coli (E. coli), and are selected against a desired antigen in a process called "panning". Beyond phage display, several other display techniques have been evolved in the past, such as bacterial surface display [21] , yeast surface display [22] , messenger RNA (mRNA) display [23, 24] and ribosome display [25, 26] , all enabling the linkage of a protein's genotype to its corresponding phenotype.
In addition to the development of display technologies, various strategies have been developed to produce antibody fragments in soluble form by using microorganisms as hosts. In this context, it was shown that antibody fragments could be successfully assembled in E. coli and secreted into the periplasmic space and into the media by genetic fusion of the antibody fragment to a bacterial secretory signal sequence [27, 28] . Later on, bivalent humanized Fab fragments [29] and even full length immunoglobulins were successfully produced in E. coli [30] . Nowadays, several in vivo expression systems are available for the synthesis of antibody fragments using a variety of different hosts including E. coli [31] , Saccharomyces cerevisiae [32] , Pichia pastoris [33] , insect cells [34] , algae [35] , plants [36] as well as mammalian cells [37] and of course, each of these systems has its own potentials and limitations (reviewed in [13] ).
Production of antibodies in mammalian cell cultures is well-established. The majority of recombinant therapeutic proteins (approximately 70%) is currently produced in mammalian cells, with Chinese hamster ovary (CHO) cells as the most widely used expression host [38, 39] . In principle, there are two possible ways to express proteins in mammalian cells, transient and stable expression. The robust performance of these modes is enabled by intense development and optimization efforts, including cell line development and engineering-to synthesize the desired protein in sufficient amounts while ensuring low operating costs, selection of clones, medium and feeding strategy development as well as bioreactor optimization-in order to fulfill the requirements for productivity and product quality specifications-and finally up-scaling, process characterization and validation [39] [40] [41] . As these development and optimization steps are rather extensive and time-consuming, a novel strategy for antibody production has emerged in the very recent past, designated as cell-free protein synthesis.
Cell-Free Protein Synthesis
Cell-free protein synthesis, also termed in vitro translation, facilitates the production of a given target protein by utilizing the translational machinery without using the living cell. Thus, protein synthesis is disconnected from cell fate and the protein synthesis reaction itself is not constrained by a cell wall, meaning that reaction conditions are accessible from the outside of the reaction vessel [5, 7, 42] .
Going back to the 1960s, cell-free protein synthesis was originally developed as a tool to elucidate the genetic code [43] . Nowadays, the system has proven its potential to serve as a reliable, versatile and highly flexible protein production platform, enabling the synthesis of difficult-to-express proteins, as for example membrane proteins [7] and even toxic proteins [6, 44] . Cell-free protein synthesis has been shown to be scalable from the microliter to liter scale [4] . Thus, cell-free systems have been successfully used for the high-throughput production of protein libraries [3, 45] as well as for the high-yield synthesis of selected target proteins [46] . In particular, the use of linear DNA templates contributes to the ease and speed of cell-free translation systems, since no time-consuming cloning steps are required prior to protein production.
Cell-free synthesis of a given target protein takes approximately one to two days, whereas cell-based expression, including the cloning procedure and cell-transformation, may take up to two weeks [47] .
Disulfide Bond Formation in Cell-Free Systems
Antibodies are rather complex molecules, consisting of two identical heavy polypeptide chains and two identical light polypeptide chains. Each antibody chain is organized in distinct domains, designated as immunoglobulin domains. In every antibody domain, two β-sheets are connected by a disulfide bond, resulting in the formation of a β-barrel [48, 49] . The internal disulfide bonds are known to have a tremendous influence on the folding and functionality of full length antibodies and antibody fragments [49, 50] . Thus, cell-free systems need to provide a reaction environment that facilitates the formation of disulfide bonds in de novo synthesized target proteins (Figure 1 ).
Figure 1.
Scheme showing the cell-free synthesis of antibodies and antibody fragments in prokaryotic in vitro translation systems. In general, cell-extracts prepared from prokaryotic or eukaryotic cells contain the essential components necessary for translation, such as ribosomes, translation factors and enzymes. For in vitro translation, the cell lysate is supplemented with amino acids, ATP and GTP, and an energy regenerating system (e.g., creatine phosphate⁄ creatine kinase). Synthesis of the target protein is initiated by the addition of an appropriate template either in form of DNA or mRNA. In order to allow the formation of disulfide bonds in de novo synthesized proteins, prokaryotic cell-free systems (e.g., based on E. coli) can be supplemented with mixtures of reduced (GSH) and oxidized glutathione (GSSG), disulfide bond isomerase C (DsbC), protein disulfide isomerase (PDI) and/or chaperones (e.g., DnaK, DnaJ, GroEL, GroES). In addition, cell extracts can be pretreated with iodoacetamide (IAM) and/or defined mixtures of GSH and GSSG, in order to inactivate endogenous reductases which are present in the cell extract. (NMR structure antibody molecule, source: Protein Data Bank, 1 1IGT, Chimera).
In the last decade, cell-free systems have successfully been used to synthesize active disulfide-bonded proteins [51, 52] . In the beginning of this development, two major hurdles had to be overcome: First, the presence of reducing agents, such as dithiothreitol (DTT) which were usually added in order to preserve the activity of the cell lysate during storage and the translation reaction itself and secondly, the lack of compartments with appropriate redox conditions as they are present in living cells (periplasmic space in prokaryotes, endoplasmic reticulum (ER) in eukaroytes) [53] .
Depending on the source of the extract, different strategies have been applied to overcome these hurdles: For example, translation systems based on E. coli cell lysates were supplemented with defined mixtures of reduced and oxidized glutathione, in order to establish an appropriate and more oxidizing redox potential [52, [54] [55] [56] [57] . Other translation systems focused on the preincubation of the lysate with alkylating reagents, such as iodoacetamide, in order to inactivate endogenous reductases which are present in the cell extract [51, 52, 57] . Since the addition of iodoacetamide may result in the reduction of the overall translational activity, other strategies such as pretreatment of lysates with an excess of oxidized glutathione have been applied [58] . Furthermore, the addition of exogenous enzymes, such as eukaryotic protein disulfide isomerase (PDI), was shown to significantly improve the functionality of cell-free synthesized scFv fragments [54, 55] . Supplementation of cell-free reactions with chaperones, such as DnaK, DnaJ, GroEL and GroES, was reported to be beneficial as well, since they increased the amount of soluble, cell-free synthesized scFv and Fab fragments [54, 56] .
The most successful E. coli-based cell-free translation systems, enabling the synthesis of functional disulfide-bonded proteins, were developed by applying a combination of different strategies [52] . For instance, the combination of the following modifications was shown to be very effective: First, cell extracts were prepared from a mutant E. coli strain that lacks one of the major endogenous reductases (∆ gor strain, KGK10). Secondly, cell extracts were pretreated with iodoacetamide and defined mixtures of oxidized and reduced glutathione, in order to establish a redox potential suitable for disulfide bond formation. Thirdly, cell-free translation reactions were supplemented with exogenous proteins, such as disulfide bond isomerase C (DsbC) and PDI, enabling the formation and isomerization of disulfide bonds [59, 60] . In a different approach, protein synthesis and disulfide bond formation were performed in two separate reactions, starting with the cell-free reaction itself, followed by purification of the target protein and its subsequent oxidation in a second separated reaction compartment [52] . In a very recent report, Groff and colleagues published a potent cell-free translation system based on a chaperoneenriched E. coli cell extract enabling the synthesis of full length IgG molecules in gram per liter quantities. In this study, the authors were able to show the beneficial effects of the disulfide isomerase DsbC and the prolyl isomerase FkpA on antibody folding and assembly [61] .
In addition, eukaryotic translation systems have been successfully applied to synthesize active disulfide-bonded proteins. In 1992, the synthesis of active tissue-type plasminogen activator (tPA) was reported by applying a cell-free translation system based on rabbit reticulocyte lysate supplemented with dog pancreas microsomal vesicles and oxidized glutathione [62] . Later on, insect lysates were used to synthesize active disulfide-bonded proteins [63] . Ezure and coworkers demonstrated the synthesis of E. coli alkaline phosphatase (two disulfide bonds) under non-reducing conditions in a soluble and active form. Furthermore, active human lysozyme (four disulfide bonds) was synthesized under non-reducing conditions in the presence of reduced and oxidized glutathione and PDI [63] .
Whereas organisms separate protein synthesis and oxidative protein folding in distinct cellular regions -a phenomenon designated as compartmentalization-the beforehand mentioned "cell-free" strategies mainly attempted to accomplish both tasks in one and the same compartment. In contrast, a cell-free system based on lysates prepared from Spodoptera frugiperda 21 cells (Sf21) has been developed comprising both, the capability to synthesize a given target protein and to achieve its translocation into a separate endogenous compartment, where protein folding and posttranslational modifications are facilitated [64, 65] (Figure 2 ). These features are made possible as the cell extract contains translationally active, endogenous microsomal vesicles having their origin in the ER of the insect cells. These vesicles are formed during the lysate preparation procedure, where the native structure of the ER is ripped, followed by its rearrangement and formation of smaller compartments designated as microsomal vesicles [5] . Due to the presence of these vesicles, target proteins can be translocated into the lumen of these vesicles, if they are fused to an appropriate signal sequence [65] . In addition, the de novo synthesis of membrane proteins and their subsequent embedding into the vesicular membrane of the insect vesicles have been reported [66] [67] [68] . 
Production of Antibodies in Cell-Free Systems

Prokaryotic Cell-Free Systems
At the current state, prokaryotic cell extracts are the predominant source of recombinant antibody formats and even full length antibodies (Figure 3 ). In 1997, Ryabova and coworkers published the first comprehensive report on the cell-free synthesis of scFv antibody fragments in an E. coli-based cell-free translation system [54] . Ryabova and colleagues analyzed the effect of different supplements on the synthesis of functional scFv antibody fragments [14] derived from an anti-hemagglutinin antibody [69] .
Here it was shown that the addition of PDI increased the yield of functional scFv antibody fragments three-fold in comparison to a control reaction without the addition of PDI. Moreover, it was shown that the molecular chaperones DnaK and DnaJ increased the amount of soluble protein, but not the amount of functional protein. Finally, the combination of different supplements (reduced and oxidized glutathione, PDI and chaperones) was shown to be most successful, where nearly 50% of total scFv antibody fragments produced (approximately 8 µg/mL in 15 min) were recovered as active antigen-binding entities. This study laid the foundation for the in vitro synthesis of scFv antibody fragments in E. coli-based cell-free translation systems, subsequently enabling the in vitro selection and evolution of proteins by ribosome display [26] . Later on, Merk and colleagues succeeded in the synthesis of two anti-lysozyme scFv antibody fragments by using a similar cell-free translation system supplemented with reduced and oxidized glutathione, PDI and chaperones [55] . In 2006, two other research groups reported the cell-free synthesis of scFv antibody fragments in E. coli-based cell-free translation systems [70, 71] . Jiang and coworkers demonstrated for the first time the cell-free synthesis of functional Fab fragments by using a coupled E. coli transcription/translation system [56] . The Fab fragment used as model protein, was derived from the catalytic antibody 6D9 which has been developed by Miyashita and colleagues [72, 73] . Interestingly, the antibody 6D9 binds to a phosphonate transition-state analogue and catalyzes the hydrolysis of a non-bioactive chloramphenicol monoester derivative to chloramphenicol. Heavy and light chains of 6D9 Fab fragments were simultaneously synthesized in the coupled cell-free translation system. As already shown for the synthesis of scFv antibody fragments, the addition of reduced and oxidized glutathione, PDI and molecular chaperones increased the solubility and the antigen-binding activity of target proteins [56] . The drawback of comparatively low protein yields reported by Jiang and coworkers was subsequently solved by the same group. Endogenous serine proteases were identified to be the cause of target protein degradation. As a solution for this problem, serine protease-deficient mutants of the E. coli strain (BW25113) were constructed and used for cell-free protein synthesis. Usage of these modified cell extracts resulted in increased yields of cell-free synthesized anti-HSA (human serum albumin) scFv and 6D9 Fab fragment [74] . Later on, another research group succeeded in synthesizing Fab fragments specific for the Botulinum neurotoxin serotype B (BoNT/B) [75] . Fab fragments were produced in a redox-optimized cell-free translation system based on GroEL/ES-enriched E. coli S30 cell extracts. The cell extract used had to be pretreated with an excess of oxidized glutathione, in order to exhaust its reducing capability while maintaining its translational activity. Redox optimization was conducted by the addition of glutathione and DsbC. By using this supplement combination, the yields of cell-free synthesized and soluble Fab fragments were increased to 30 µg of purified and functional Fab from 1 mL reaction mixture [75] .
The next milestone regarding the cell-free synthesis of antibodies was achieved by Frey et al. in 2008 [76] . Frey and colleagues succeeded to produce functional full length IgG (mouse monoclonal antibody MAK33) in an E. coli-based cell-free translation system supplemented with PDI, DsbC and the ER-specific chaperones Grp94 and BiP (~500 ng/mL active antibody). This major breakthrough was subsequently succeeded by Yin and colleagues who managed to synthesize the IgG1 antibody trastuzumab in yields of several hundred micrograms per milliliter reaction volume [8] . The IgG1 antibody as well as scFv and Fab fragments that bind to human IL-23 and IL-13α1R were produced in a scalable transcription/translation system based on E. coli cell extracts. Remarkably, the cell-free system they used was shown to be scalable from the microliter to liter range. These experiments have shown for the first time that Fab fragments and full length antibodies can be synthesized in standard bioreactors in large scale (up to 5 L) and high production yields (~800 µg/mL scFv, ~250 µg/mL Fab, ~400 µg/mL IgG). Subsequently, the developed cell-free translation system was used for the in vitro display of antibody Fab fragments by using ribosome display [77] . In 2014, protein yields of cell-free synthesized trastuzumab full length antibody were further increased to gram per liter quantities by using a chaperoneenriched extract prepared from an engineered E. coli strain [61] .
Besides the formation of disulfide bonds, the correct assembly of multi domain proteins can be challenging in both cell-free and cell-based protein synthesis systems. As nucleic acid templates may be translated at different rates-due to their codon usage and/or mRNA secondary structures-an empiric optimization of antibody heavy to light chain ratios may be necessary. Taking advantage of the open nature of cell-free reactions, the total amount as well as the ratio of antibody heavy to light chain encoding DNA templates can be varied systematically, in order to optimize the correct assembly of antibody polypeptide chains as successfully demonstrated by Yin et al. and Groff et al. [8, 61] .
In addition, eukaryotic cell-free translation systems have been used to synthesize functional disulfidebonded proteins including scFv and Fab antibody fragments. The intention behind these studies was to provide a more suitable environment for the folding of complex molecules. At the current state, eukaryotic cell-free translation systems are less productive compared to E. coli but they provide a better basis for the synthesis of soluble full length proteins [78, 79] , complex proteins and proteins which require posttranslational modifications [80] . In addition, proteins synthesized in E. coli bear the potential to be contaminated with endotoxins. Thus, laborious purification steps are usually required prior to the utilization of these valuable target proteins in cell-based assays [81] or even in diagnostics and therapeutics.
Eukaryotic Cell-Free Systems
The very first eukaryotic in vitro translation systems used for the synthesis of antibodies were prepared from rabbit [82] and rat [83, 84] lymph nodes. Due to the high amount of plasma cells in such tissues, the cell extract contained an extraordinarily high amount of ER microsomal vesicles. Although cell-free reactions were not charged with a defined DNA or mRNA template, the authors realized the advantages of using a cell extract which contains a high amount of microsomes, representing the natural place of antibody synthesis, folding and posttranslational modifications.
Later on, additional sources of eukaryotic lysates have been applied to synthesize antibodies in vitro (for an overview see Figure 3 ). One example was published in 1993 by Nicholls and colleagues. In this study, rabbit reticulocyte lysate was used as a source to synthesize scFv-toxin fusion proteins [85] . Besides E. coli cell extracts, rabbit reticulocyte lysates were subsequently used as basic translation system for the in vitro evolution of antibody fragments by using ribosome display [25] (for a comparison of E. coli and rabbit reticulocyte ribosome display systems see [86] ). Nowadays, ribosome [25, 26] and mRNA display [23, 24] are the most widely used in vitro display techniques, both enabling the linkage of a protein's genotype to its corresponding phenotype.
The first scFv antibody fragment produced in a cell-free system based on wheat germ was published by Kawasaki et al. in 2003 [9] . The aim of this study was to search for translation conditions which enable the production of disulfide-containing proteins in a functionally active state by using the highly productive eukaryotic wheat germ extract. Initially, a scFv antibody fragment binding to Salmonella O-antigen was used as a model protein. Optimal reaction conditions were found when using a DTT-deficient wheat germ extract in combination with the addition of PDI, resulting in the synthesis of 13 µg of active scFv in a 1 mL batch reaction [9] .
In the same year, a novel eukaryotic translation system based on cultured Sf21 cells was developed [64] . In contrast to other eukaryotic cell-free translation systems, the insect cell extract used in this study contains endogenous microsomal vesicles. If target proteins are fused to an appropriate signal sequence, de novo synthesized polypeptide chains can be translocated into the lumen of the microsomal vesicles [65] . Due to this translocation step, two separate compartments for protein synthesis and oxidative protein folding are provided, thus mimicking the conditions present in living cells.
In 2012 and 2014, two successive studies have shown the synthesis of functional scFv antibody fragments by using the vesicle-containing insect cell-free translation system [10, 87] . In comparison to other cell-free systems which have been successfully applied for the synthesis of disulfide-bonded target proteins, only moderate modifications were necessary in order to optimize the insect cell-free translation system: The abandonment of the reducing agent DTT, the addition of glutathione and the signal peptideinduced translocation of target proteins were found to be crucial factors. In contrast to already published cell-free translation systems, neither a pretreatment of the lysate with iodoacetamide nor the addition of exogenous enzymes and chaperones were necessary in order to synthesize functional target proteins. Starting with one antibody fragment model, which binds to fluorescein [88, 89] , it was shown that functional scFv molecules could be synthesized based on PCR-amplified DNA templates [87] . Fusion of antibody molecules to the signal sequence of honeybee melittin induced translocation and enrichment of antibody fragments in microsomal vesicles. For most scFv antibody fragments tested in these studies, signal peptide-induced translocation was shown to have a positive effect on protein functionality [10, 87] . Likewise, this positive effect was also shown for the synthesis of Fab fragments by using a comparable insect cell-free translation system [90] . Based on the described results, it may be speculated that the enzymes which are involved in the formation and reshuffling of disulfide bonds in vivo [91] , such as ER-resident membrane-associated and luminal proteins (e.g., ER Oxidoreductin 1 (Ero1) and PDI), as well as folding helpers (e.g., binding immunoglobulin protein, BiP) which originate from the lumen of the ER, are maintained inside the vesicles in an active state.
Cell-Free Systems as a Source of Modified Antibodies and Antibody Fragments
scFv Fusion Proteins
The generation of protein conjugates, e.g., proteins equipped with functional groups such as fluorescent molecules and affinity tags, or proteins linked to drugs and other proteins, is of special interest for many biophysical, biotechnological and biomedical applications [92, 93] . For instance, there is a great interest in the generation of potent antibody-drug conjugates, which facilitate the targeting of cytotoxic payloads to cancer cells, ideally leading to reduced side effects and an enlarged therapeutic window of the chemotherapeutic reagent. In addition, antibodies linked to cytokines or immunostimulatory peptides can be used as vaccines as demonstrated by Kanter et al. in 2007 [94] . In this study, the authors demonstrated the cell-free production of two scFv fusion proteins that were successfully applied as vaccines against a murine B-cell lymphoma. Two vaccines were tested in this study, (1) a tumor-derived scFv fused to granulocyte-macrophage colony-stimulating factor (GM-CSF) and (2) the scFv linked to a peptide derived from interleukin-1β. Both cell-free synthesized vaccines were chemically linked to a foreign protein (keyhole limpet hemocyanin) in order to increase the immunogenicity of the fusion constructs. The vaccines were able to induce tumor-specific humoral immune responses in mice with efficiencies comparable to the conventional immunoglobulin produced in mammalian cells. Subsequently, a similar scFv construct was successfully fused to the tetanus toxin fragment C (TTFrC) [95] . Upon production in the E. coli-based cell-free translation system, this scFv fusion protein elicited anti-tumor humoral responses as well as protection of mice from tumor challenge. These initial results already demonstrated the tremendous potential of cell-free systems to accelerate the production of personalized vaccines. In the future, personalized vaccines may be produced on the basis of PCR products which are directly amplified from the patient´s own immunoglobin variable regions [95] .
Labeling of Antibodies and Antibody Fragments with Non-canonical Amino Acids
Cell-free methods are a convenient tool to modify the protein of interest and to equip de novo synthesized proteins with extended and beneficial functions. By employing cell-free protein synthesis, target proteins can be labeled co-translationally with one or multiple non-canonical amino acids [96, 97] . While in vivo methods run into constraints when a certain modified amino acid appears to exhibit toxic side effects or certain amino acids even cannot enter the cell, cell-free systems provide an efficient alternative, as they represent open systems which are not limited by the potential cytotoxicity of amino acid analogues [98] . Artificial posttranslational modification technologies use the naturally occurring amino acid side chains of defined amino acids (preferably cysteine and lysine) for the chemical conjugation with a certain payload. Since the label is introduced statistically at multiple sites into the protein, thereby resulting in a heterogeneous mixture of labeled proteins, negative effects on protein solubility and functionality cannot be excluded [99] . These drawbacks have led to the development of site-specific labeling techniques, facilitating the introduction of a non-canonical amino acid into a polypeptide chain at one defined position [98, 100] . Common methods for co-translational and site-specific protein labeling are either based on pre-charged suppressor tRNAs [101] or orthogonal suppressor tRNA/synthetase pairs which are added to the cell-free reaction; both relying either on the suppression of stop codons [102, 103] or on the use of 4-base codons [104, 105] .
Conjugation by azide-alkyne click chemistry has been successfully applied to generate scFv-fusion proteins. In 2009, Patel et al. demonstrated the cell-free synthesis of antibody fragments site-specifically labeled with Gaussia princeps luciferase [106] . In this study, scFv molecules and luciferase were synthesized and labeled separately from each other. While the tumor idiotype scFv was site-specifically labeled with p-azido-L-phenylalanine by means of an orthogonal tRNA/synthetase pair, the reporter protein luciferase was modified by the global replacement of methionine residues with homopropargylglycine. Subsequently, labeled scFv and luciferase molecules were conjugated by using Cu(I) catalyzed click chemistry [106] .
In addition to the generation of scFv-fusion molecules, site-specific labeling techniques can be used to link antibodies to small molecules, such as fluorescent dyes or toxins (reviewed in [107] ). In this context, an E. coli-based cell-free translation system has been shown to enable the synthesis of antibodydrug conjugates through the site-specific incorporation of an optimized non-canonical amino acid (p-azidomethyl-L-phenylalanine) into an IgG molecule, followed by its subsequent conjugation to a tumor-specific drug (DBCO-PEG-monomethyl auristatin) [108] .
In another approach, an E. coli-based cell-free translation system was used for the generation of 11 C-labeled scFv molecules, which should be applied to positron emission tomography (PET) [109] . In this study, the labeling of scFv molecules was achieved by simply replacing the canonical amino acid methionine with the non-canonical amino acid L-[ 11 C] methionine. A similar approach can be applied to label scFv antibody fragments with fluorescent dyes. tRNAs pre-charged with non-canonical amino acids are an easy-to-handle alternative in comparison to orthogonal tRNA/synthetase pairs. In a recent report, scFv antibody fragments were co-translationally labeled by adding the pre-charged suppressor tRNA Bodipy-TMR-lysine to the cell-free reaction based on insect lysate [10] . By using this residuespecific labeling approach, the fluorescent amino acid is incorporated at multiple sites in the protein.
Based on its anticodon, the pre-charged tRNA decodes the TTC codon, resulting in a competition of endogenous Phe-tRNAGAA with pre-charged tRNAs. This leads to the incorporation of the fluorescent amino acid in a statistical and residue-specific manner. In addition, site-directed protein labeling was demonstrated by using DNA templates bearing the amber stop codon TAG at the 3'-end of the open reading frame encoding the scFv fragment. Due to the incorporation of fluorescent amino acids, de novo synthesized target proteins could be directly analyzed via their intrinsic fluorescence, thereby neglecting the need for radioactive labeling and additional occupational safety measures that are connected to the work in an isotope lab.
Discussion
In the last decade, remarkable progress has been made in the production of functional scFv, Fab fragments and IgG molecules in cell-free systems [8, 54, 56] . The general strategy for the adaptation of cell-free systems−in order to allow the formation of disulfide bonds in de novo synthesized proteins−included the optimization of redox conditions (supplementation with glutathione), the addition of exogenous enzymes which promote disulfide isomerization as well as the addition of folding helpers. In living organisms, the biochemical processes of protein translation and oxidative folding occur in separated compartments, each providing optimal reaction conditions (periplasmic space in bacteria; ER in eukaryotes). However, in contrast to living cells conventional cell-free systems were developed in order to accomplish both tasks in the same compartment. The hurdles connected to this endeavor have been circumvented by utilizing structures of the ER in a cell-free system, in order to mimic the conditions present in living cells. Furthermore, two separate and specialized compartments are provided for protein synthesis and oxidative protein folding. Moreover, by providing a separate compartment for protein folding, synthesis and folding of complex eukaryotic proteins was expected to be improved.
The results that were presented by Stech et al. suggest that other eukaryotic and vesicle-containing lysates can potentially serve as valuable antibody production platforms. Recently, cell-free translation systems based on CHO and human cell extracts (K562 cells) were introduced [110, 111] . Comparable to the insect cell-free translation system, these lysates contain endogenous microsomal vesicles, enabling the N-linked glycosylation of de novo synthesized target proteins and the embedding of membrane proteins into microsomal membranes. These results indicate that−upon redox optimization−these systems could enable the synthesis of functional antibody fragments and antibodies. CHO cells are the most widely used expression host for therapeutic proteins, with the majority of marketed antibodies being manufactured in this system [38] . As this system is well-established, numerous therapeutic proteins produced in CHO cells have been approved by the FDA [112] . Therefore, one can assume that a redoxoptimized CHO cell-free system, capable of producing highly functional antibodies, would be of great interest for the scientific and industrial community. For instance, cell-free systems could be applied to pre-screen diverse antibody constructs for their binding capabilities in a very early stage of the experimental process. Characterization of these antibodies prior to tedious and time-consuming cloning procedures and transient or stable expression of antibodies in CHO cells may dramatically speed-up the whole procedure of antibody engineering and production.
The ability of synthesizing glycosylated proteins is another issue that contributes to the usage of eukaryotic cell-free systems as potent antibody production platform. Glycosylation is a common posttranslational modification in antibodies. IgG1 molecules carry a single N-linked glycan located in the Fc region in each of their two heavy polypeptide chains. The presence or absence of glycosylation and the pattern of glycosylation influences antibody stability and function significantly, e.g., by affecting receptor binding and effector function [113] . Therefore, glycoengineering is often an essential prerequisite to provide antibodies with the desired therapeutic efficacy [114] . Eukaryotic cell-free systems based on mammalian cell lines initially bring along their own glycosylation machinery, which might provide unique engineering possibilities for antibodies. Alternatively, attempts have been made to engineer prokaryotic cell-free systems that are able to synthesize glycosylated proteins [115] .
Regarding the protein yields, in vitro translation systems prepared from E. coli and wheat germ are most productive, reaching protein yields up to several milligrams per milliliter of reaction depending on the reaction format and protein of interest [116, 117] . Until now, eukaryotic cell-free translation systems based on insect cell extracts, human cell extracts and lysates from CHO cells could not reach such high production yields, although significant improvements have been made in recent years [68, 110, 111] . Nevertheless, for the future we anticipate an increase in productivity as more advanced reaction formats [68] can be combined with an improved template design [111] .
In contrast to E. coli-based systems, proteins that are synthesized in eukaryotic cell-free systems can potentially be applied in cell-based assays even without prior purification [6] . Of course, if the protein of interest shall be used as a mammalian injectable, purification is preferred (e.g., by applying a tag-based purification strategy), since the endogenous lysate proteins most probably lead to the induction of immune responses, an instance, which may not be acceptable from the regulatory point of view [118] . Nevertheless, it was shown that endogenous proteins in Sf9 cells were required to induce autoantibody production against metastatic melanomas in mice, thus facilitating an "adjuvant effect" [119] .
The incorporation of non-canonical amino acids can be used to equip different proteins with well-defined reactive side chains for their subsequent conjugation by click chemistry [106, 120, 121] . This strategy could also be beneficial for the generation of bispecific antibody fragments by fusing two scFv molecules with different specificities to each other. For this reason, one scFv candidate could be labeled with a non-canonical amino acid bearing a single exposed azide group (p-azido-L-phenylalanine), another scFv candidate is labeled with a non-canonical amino acid containing an alkyne group. Upon separation of free non-canonical amino acids from target proteins, the two labeled scFv molecules could be conjugated by click chemistry. In addition, this approach could be broadened to generate scFv-toxin and antibodytoxin conjugates [108] . Besides the use of labeling techniques, bispecific antibodies can be produced by applying the so-called "knob-into-hole" technology. To promote heterodimerization of two heavy chains with different specificities, CH3 domains are engineered to bear either a "knob" or a "hole" in each antibody heavy chain by amino acid replacement [122] . Recently, this technology has been applied in an E. coli-based cell-free translation system creating bispecific antibodies in different designs (e.g., two-armed heterodimeric scFv-knobs-into-holes; one-armed assymetric BiTE knobs-into-holes with tandem scFv) [123] .
While in vitro display methods have tremendously influenced the discovery of new binders [124] , production of specific antibodies required for diagnostic and/or therapeutic applications is nowadays mainly facilitated by using mammalian cell cultures [38, 39] . This review aimed to summarize the rapid and remarkable progress made in the field of cell-free antibody expression. From the first comprehensive report on the cell-free synthesis of scFv antibody fragments [54] to the synthesis of full length IgG molecules [76] no more than 11 years have passed (Figure 3 ). According to this fast development, we anticipate for the future that cell-free systems might give solutions where cell-based production technologies still have their limitations.
